[1] Anelasticity and diffusion creep viscosity of partially molten rock analogue were measured experimentally at various melt fractions (0.0025-0.04). The presence of even a small quantity of melt phase causes a significant increase in attenuation and dispersion, and decrease in viscosity (melt effect). Similar changes are additionally caused by the presence of a secondary solid component (chemical effect). The similitude that was observed in the anelasticity of meltfree systems when scaled by the Maxwell frequency for temperature and grain size effects was observed, too, in that of melt-bearing systems when scaled by the Maxwell frequency for melt and chemical effects. The combined melt and chemical effects on anelasticity offer a potential means of identifying small quantities of melt with seismic velocity perturbations. Citation: McCarthy, C., and Y. Takei (2011), Anelasticity and viscosity of partially molten rock analogue: Toward seismic detection of small quantities of melt, Geophys. Res. Lett., 38, L18306,
Introduction
[2] The quantitative effect of melt on seismic wave velocity is of fundamental importance to consider the detectability of melt from seismological methods. The presence of melt has two effects on seismic wave velocity. One is a direct effect due to the contrast in elastic properties between melt and solid, called the poroelastic effect. The other is indirect and attributed to enhanced attenuation and dispersion by melt, called the anelastic effect [e.g., Karato and Spetzler, 1990] . Although quantitative assessment of the poroelastic effect has been performed both theoretically and experimentally [e.g., Mavko, 1980; Takei, 1998 Takei, , 2000 , the anelastic effect has been poorly understood. The anelastic effect is particularly important to consider seismological detection of a small quantity of melt ((1%), which is expected to exist in the upper mantle [e.g., Hirschmann, 2010] but exhibits a very small poroelastic effect. Jackson et al. [2004] observed a significant shape change in the attenuation spectrum by melt, whereas Gribb and Cooper [2000] did not. Additional experimental work is needed to resolve such discrepancies. In this study, the systematic effects of melt are investigated by using a partially molten rock analogue.
Experimental Approach
[3] In a previous study, McCarthy et al. [2011] , we presented a detailed report of the viscoelastic properties of polycrystalline aggregates of borneol (melting temperature: T M = 204.5°C) and their similarity to those of olivine aggregates. In this study, aggregates of borneol + melt were prepared by partially melting samples made from the borneol(C 10 H 18 O)-diphenylamine((C 6 H 5 ) 2 NH) binary eutectic system (eutectic temperature: Te = 43°C; eutectic composition: 83.3 wt% diphenylamine). This system was selected because it displays an equilibrium microstructure very similar to that of olivine + basalt (dihedral angle = 35°at T = 47°C [Takei, 2000] ). The system demonstrates a "simple" eutectic reaction in that the solids exhibit no measurable mutual solubility [Takei, 2000] . With addition of a specific wt% diphenylamine (W), the melt fraction just above Te can be accurately controlled as = W/83.3. The difference between weight and volume fractions of melt is negligible. High purity borneol is melt-free up to T M .
[4] Fine powder starting materials of 0.21 -3.33 wt% diphenylamine, corresponding to melt fractions 0.0025 ≤ ≤ 0.04, were prepared by solid-state mixing and ballmilling at low temperature (−40°C). Fully dense cylindrical samples (radius = 15 mm; 55 ≤ height (mm) ≤ 66) were prepared by pressing the mixed powder in a cylindrical die to 13.9 MPa at room temperature for 48 h. The initial grain size was d ∼ 3 mm, with diphenylamine grains distributed homogenously throughout. Samples were placed between platens and sealed in non-reactive plastic bags to prevent sublimation and/or evaporation at elevated temperature. Details of the sample assembly are given by Takei et al. [2011] .
[5] Table 1 presents a summary of all binary samples tested in this study and, for comparison, a high purity borneol sample previously reported by McCarthy et al. [2011] (sample 15). For simplicity, each sample is referred to here by its melt fraction at 48°C. The anelasticity and viscosity of these binary samples were measured at T > Te (47.0-48.8°C, hereafter referred to as "suprasolidus temperature") to investigate these properties as functions of melt fraction and also at T < Te (22.2-24.9°C; referred to as "subsolidus temperature") to investigate the solid-state influence of the secondary component. In the anelasticity experiments, we applied a sinusoidally varying uniaxial stress (zero-to-peak amplitude s 0 ffi 0.014 MPa), in addition to an offset stress (s = 0.083 ± 0.01 MPa), to measure Young's modulus E and attenuation Q −1 over a broad frequency range ( f = 10-10 −4 Hz). In the creep experiments, we applied a nominally constant stress (s ≈ 0.083 MPa), to measure steady-state viscosity h. For each sample, mechanical testing involved three stages. (1) Initial testing was conducted at subsolidus temperature to ensure contact with both platens by creep (as confirmed by modulus measurements). (2) After an anneal at T = 47°C for more than 12 h (to ensure grain growth and textural equilibration), testing at suprasolidus temperature 1 Earthquake Research Institute, University of Tokyo, Tokyo, Japan. 2 was conducted. In some cases, a second round of testing was performed at this temperature to gauge the effect of further grain growth, if any, during this stage. (3) Finally, after cool down (∼3 K/h) and temperature equilibration, testing at subsolidus temperature was again conducted. Each stage consisted of both anelasticity and viscosity testing and lasted between one and three days, with final strain approximately 5%.
[6] Grain growth in the binary system is rapid, even at subsolidus temperature. For this reason, grain size during initial testing at subsolidus temperature could not be constrained and data from stage (1) are excluded. During the suprasolidus temperature annealing of stage (2), very rapid grain growth occurs. However, as is the case with high purity borneol, grain growth becomes extremely slow (relative to the duration of testing) beyond ∼22 mm. We found that the rate after a 12 h anneal is sufficiently slow such that tests at suprasolidus and final subsolidus temperatures are conducted at approximately constant grain size. To confirm this, reproducibility was checked between two suprasolidus runs for samples 0.01, 0.02 and 0.04b (Table 1) . Also, for sample 0.04b, a small companion sample made of the same powder was used to measure the grain size mid-run without destroying the testing sample. Microstructural examination of this and post-deformation samples was conducted with a confocal light microscope. To closely observe the sample microstructures, postdeformation samples were re-equilibrated at suprasolidus temperature for a few hours and quenched. Sublimation of borneol is faster at grain boundaries and faster still at the interface with quenched melt, thereby etching the microtomed cross-sectional surface and indicating melt even where it is otherwise undetectable. Mean grain size was measured using the line intercept method with a correction factor of 1.5.
[7] For experimental details relating to temperature control, data acquisition, and analysis, see McCarthy et al. [2011] . McCarthy et al.
[2011] present explicit relationships of Young's modulus-type attenuation Q E −1 and uniaxial viscosity h E (measured in this study), with shear attenuation Q m −1 and shear viscosity h m (measured in torsion experiments), respectively. Q E −1 obtained for the present samples are shown to be almost equal to Q m −1 , because of the large Poisson's ratio of borneol. In this study, we use Q −1 and h (without subscripts) to represent Q E −1 and h E , respectively.
Results
[8] In Figure 1 , microstructures of quenched, postdeformation samples demonstrate that melt in this system resides in an interconnected network of triple grain junctions, similar to that of partially molten rocks [e.g., Cooper and Kohlstedt, 1984] . Even at = 0.0025, small grooves at triple junctions caused by enhanced sublimation indicate the existence of connected melt. No such grooves were observed in high purity samples even after annealing at 60°C . The final grain sizes were d = 20.5-29.7 mm, approximately independent of ( Table 1) . The grain size of the companion sample to 0.04b, measured just after the first suprasolidus run, was nearly the same as that of the final, post-deformation sample: less than 16% between 25 and 48 h. In a separate study, grain growth of a = 0.1 sample at 47°C was less than 12% between 48 and 250 h (from 21 to 23.5 mm). Further, results from the second suprasolidus runs (samples 0.01, 0.02, and 0.04b) were consistently just slightly smaller in Q −1 and slightly larger in h (Table 1) than those from the first runs. These observations validate our treatment of the data here as pertaining to constant grain size. Strain amplitude independence of attenuation and modulus (i.e., linearity) was confirmed by a suite of tests conducted at various stress/strain amplitudes on samples with the highest melt fraction ( = 0.04b; s 0 ffi 0.007 and 0.014 MPa) as well as the lowest ( = 0; s 0 ffi 0.0045-0.077). Also, stress in the creep experiment is within the linear (Newtonian) range [Takei, 2001] .
[9] Measured anelasticity is shown in Figure 2a . Data are compared to a high purity borneol sample (diamonds with dashed line). The suprasolidus data (colored symbols) show significant dispersion and attenuation with increasing melt fraction. The discrepancy between 0.04a and 0.04b is considered to be due to a short annealing time for 0.04a (Table 1) , indicating a smaller grain size. The subsolidus data (gray symbols) are almost independent of chemical composition and show considerably larger anelastic relaxation than the high purity borneol sample at similar temperature. Measured viscosities at suprasolidus and subsolidus temperatures for binary samples with various melt fractions are shown in Figure 3 together with data for high purity borneol ( = 0). Consistent with anelasticity, viscosity was significantly reduced by melt at suprasolidus temperature, and was additionally reduced by the secondary component even at subsolidus temperature. The high purity borneol data shown in Figures 2 and 3 are highly reproducible . To demonstrate this, another set of viscosity measurements at = 0 is plotted in Figure 3 (squares).
[10] McCarthy et al.
[2011] observed similar correlation between anelasticity and viscosity and found that normalization of data by the Maxwell frequency f M (d, T ) = E U (T)/h(d, T) (where E U (T) is the temperature-dependent unrelaxed modulus determined from ultrasonic measurements [Takei, 2000] ) resulted in collapse of all anelasticity data-regardless of temperature, grain size, or materialonto a single master curve. In this study, we used E U (T) and measured viscosities for each sample and for each run (Table 1) to calculate the Maxwell frequency f M , with which we normalize the frequency of anelasticity data (Figure 2b ). Modulus data were corrected for both temperature and poroelastic effects. For the poroelastic effect, reduction of E U by melt was calculated as E U (T, )/E U (T ) = 1, 0.973, 0.959, 0.935, 0.893, and 0.815 for = 0, 0.0025, 0.005, 0.01, 0.02, and 0.04, respectively, by applying the theoretical model of Takei [1998] to dihedral angle 35°, Poisson's ratio 0.37 (borneol [Takei, 2000] ), and a drained condition of melt. Figure 2b demonstrates that Q −1 and corrected E for the binary samples collapse onto single master curves, whereas E prior to the poroelastic correction scatters significantly (inset). There is good agreement between pure and binary samples in the normalized Q −1 data, but the normalized E data display a significant deviation.
Discussion and Conclusion
[11] In our study, large increases in modulus dispersion and attenuation were observed even with a small quantity of melt (Figure 2a) . The successful normalization in Figure 2b demonstrates that the effect of melt on anelastic relaxation is well captured by viscosity. Partial melt viscosity has been derived theoretically in terms of contiguity ' and melt-free viscosity h 0 as h = 0.2' 2 h 0 [Takei and Holtzman, 2009] . The melt fraction dependence predicted by this model, which uses the semiempirical relationship, ' = 1 − A 1/2 (A = 2.3), was shown to be consistent with the relationship h / exp (−l) (l = 30 [Hirth and Kohlstedt, 2003] ) known for the diffusion creep viscosity of partially molten rocks. Additionally, the contiguity model predicts an almost discontinuous reduction of h (from h 0 to 0.2h 0 ) by an extremely small quantity of melt. Our suprasolidus data are consistent with this prediction and can be closely fitted by:
with B = 0.12 ( Figure 3 ). The additional factor B represents the effect of the secondary component on the creep kinetics (probably through the effect on grain boundary structure and diffusivity), which was not considered in the original model. The existence of this "chemical effect" is supported also by the subsolidus data, which display a significant softening of binary samples roughly consistent with B (Figure 3 , gray symbols). A similar two-order-of-magnitude difference in viscosity between melt-free and melt-bearing samples was also reported for the olivine + basalt system [Faul and Jackson, 2007] .
[12] Our results show that the similitude applied to the temperature, grain size, and pressure effects [McCarthy 
where J U (T, P) is the unrelaxed elastic compliance, anomaly due to the chemical effect, as further suggested by the upward deviation of the binary Q −1 data from the pure Q −1 data at f/f M > 5 × 10 3 (Figure 2b ).
[13] The universality of the Maxwell frequency scaling demonstrates that the same mechanism, diffusionally accommodated grain boundary sliding, is responsible for attenuation in melt-bearing samples as in melt-free samples . Partial melt enhanced the mechanism, but did not create a unique relaxation mechanism. Only for the chemical effect was an additional high frequency anomaly in Q −1 indicated. This result differs from that of a previous study in which melt-bearing olivine showed a considerable shape change in its Q −1 spectrum [Jackson et al., 2004] . The reason for this discrepancy is still unknown. As discussed in McCarthy et al. [2011] , normalized seismic frequency is f/f M = 10 6-9 , which is not attained by these experiments. Higher frequency data are needed to conclude whether or not the scaling of equation (2) extends into the seismic range.
[14] Can an extremely small amount of melt be detected seismologically? We further consider this question by simply assuming that the scaling in equation (2) applies to seismic waves. Perturbation of shear wave velocity due to the anelastic effect is given by DlnV S = p −1 Qs −1 Dlnt r [e.g., McCarthy et al., 2011, equation (20)] . A significant decrease in h due to an infinitesimal amount of melt causes Dlnt r = 1.6 (melt effect, factor A in equation (2)) or Dlnt r = 3.7 (melt + chemical effect, factor A × B). Hence, for Q S = 80 (PREM), the estimated velocity perturbation is 0.6% or 1.5%, respectively. A further decrease in V S might be caused by the high frequency Q −1 anomaly. This result indicates the possibility of detecting miniscule quantities of melt, even though poroelastic effects are very small.
